We report measurements of ion energy distributions of ionized species in titanium and aluminium filtered cathodic vacuum arcs operating in oxygen and nitrogen gas atmospheres. The ion energy distributions were recorded using a Hiden mass selected ion energy analyzer. The results show that a significant reduction in ion energies and a change in the shape of ion energy distributions occurs as the gas pressure is increased. The degree of the energy reduction depends on both the type of gas and the metal ions making up the arc plasma. This has important implications for the deposition of thin films, such as titanium nitride, commonly produced using vacuum arcs in reactive gas atmospheres. The ion energy distributions of the cathode ion species in the absence of background gas and at low gas pressures are well fitted by shifted Maxwellian distributions. As the gas pressure rises the distributions consist of a progressively increasing thermalized Maxwellian component and a decreasing shifted Maxwellian. An investigation of energy distributions of species in arcs triggered on alloyed cathodes showed that the relative abundance of ions of different charge states and their energy distributions varied as alloy metals were introduced. This indicates that the electron temperature in the cathode spot and hence the cathode spot dynamics is affected by the presence of the alloy metal.
I. INTRODUCTION
Cathodic arc deposition is a process widely used for depositing a range of coatings of pure metal, metal compound, and metal alloy materials. The cathodic arc deposits material from a highly ionized plasma and as such differs from most other commonly used deposition techniques. The ions in the plasma have energies in the range 20-100 eV, depending on the source material. This makes the cathodic arc an excellent source for carrying out processes which involve moderate energetic bombardment during growth. The arc is frequently used with a curved solenoidal magnetic filter of the type described by Aksenov 1 to remove micrometer sized particles. Since the energy and charge state distribution of the ions are important factors in the filtered cathodic arc film deposition process, it is important to determine how they are affected by the presence of background gases used in reactive processes to form metal compound films, and by the composition of the cathode in alloy deposition processes. TiAl cathodes and nitrogen gas were chosen for the experiments described here because of their importance in the synthesis of TiAlN coatings for high performance, high temperature cutting tools.
In this article we employ a sophisticated energy analyzing mass spectrometer system to determine the energy spectrum of species of a chosen mass to charge ratio. The results are interpreted in terms of a model for the interaction of the cathodic arc plasma with background gas.
II. EXPERIMENTAL DETAILS
The filtered cathodic vacuum arc system used in this series of experiments is described in detail in a previous publication 2 and the 45°macroparticle filter is the subject of a patent. 3 The system was evacuated by a liquid nitrogen trapped diffusion pump located at the deposition chamber where the experiments were performed. 2 The pressure was measured at this location and gas introduced also in this region. The arc was ignited by the contact method using a retractable tungsten striker. It then operated in a continuous mode with an arc current of approximately 100 A.
The 58 mm diameter high purity cathode was electrically connected to the negative terminal of the arc power supply and the anode connected to the positive terminal. The walls of the filter duct were allowed to float. The plasma beam was magnetically rastered over about 50-100 mm at the exit of the macroparticle filter at a frequency of 50 Hz.
The ions in the scanned beam were detected using a Hiden mass selected energy analyzer system consisting of a model HA030 008 plasma probe and a model No. SIMS PSU-1 analyzer. The dwell time was set to 50 ms so that five full scans across the beam were used for each point in the acquired energy distributions.
In the experiments conducted with alloyed cathodes, 50:50 and 25:75 ͑at. %͒ AlTi cast alloy targets were used. The 10:86 AlTi alloy was a commercial Ti 90 Al 6 V 4 ͑wt %͒ ͑86.2:10.19:3.6 at. %͒ target. Figure 1 shows the ion energy distribution of the Ti ϩ ion produced by a titanium cathodic vacuum arc operating in various pressures of nitrogen gas. The distribution prior to the introduction of gas ͓Fig. 1͑a͔͒ was asymmetric with a high energy tail and similar in shape to distributions measured using electrostatic energy analyzers in carbon, 4 silicon, 5 and metal 6 cathodic arc plasmas. The distribution is well fitted by a shifted Maxwellian curve, as proposed by Sherman 7 and later by Kutzner and Miller. 8 The equation used to fit our data was
III. RESULTS

A. Gas effects
V p represents the plasma potential at the entrance aperture with respect to the measurement reference voltage ͑de-fined to be 0 V͒, V s the directed energy of the ions, and T eV the temperature ͑or random energy͒. These parameters are all in units of electron volts and together with the dimensionless scaling constant C were varied so as to obtain the best fits shown in Fig. 1 . The mean energy without gas at an arc operating pressure of 3ϫ10 Ϫ7 mbar was 43 eV and the best fit parameters were V p ϭ13.7, V s ϭ17.3, and T eV ϭ3.7 eV ͑see Table I͒ .
When the arc was operated with nitrogen pressure of 1 ϫ10 Ϫ4 mbar the Ti ϩ ion energy distribution recorded was as shown in Fig. 1͑b͒ , with fitting parameters also given in Table I . The fact that this is virtually identical to that measured without nitrogen gas is note worthy since doping of vacuum arc deposited materials such as tetrahedral amorphous carbon (taC) are carried out at gas pressures of this order.
Further addition of nitrogen to a pressure of 5 ϫ10 Ϫ4 mbar gives the profile ͑c͒. The low energy threshold of the profile is reduced and the high energy tail has also been slightly reduced by the presence of the gas. The distribution is still well described by a shifted Maxwellian but the parameters of best fit show an increase in temperature and a decrease in directed energy ͑see Table I͒ .
At a pressure of 1ϫ10 Ϫ3 mbar the profile ͑d͒ shows further reduction of counts in the high energy tail and the data can no longer be satisfactorily fitted by a single shifted Maxwellian. The data at this pressure are fitted well by a sum of two Maxwellian curves. One of the Maxwellians corresponds to material which has been strongly cooled or ''thermalized'' by collisions with the background gas. The other Maxwellian corresponds to the distribution of ions which have had relatively little interaction with the background gas.
On further examination of Table I some other trends can be seen. As the gas pressure increases from 1ϫ10 Ϫ4 to 1.5 ϫ10 Ϫ3 mbar ͓profiles ͑b͒-͑e͔͒, the temperature of the ''nonthermalized'' Maxwellian increases, while the directed velocity of the ions decreases. This shows that there is a conversion of energy from the directed velocity to the randomized velocity. The ''thermalized'' distribution also becomes larger relative to the nonthermalized distribution as would be expected. The final increase in pressure from 1.5 ϫ10 Ϫ3 to 2ϫ10 Ϫ3 mbar ͓profile ͑f͔͒ produces negligible change in the shape of the ion energy distribution.
The increase in nitrogen pressure from ͑b͒ to ͑f͒ causes a decrease in both the mean and peak ion energies at every stage. The total integrated intensity, however, initially increases to peak in distributions ͑d͒ and ͑e͒ and then drops back to its initial value in ͑f͒. The explanation for this is the conversion of a portion of the Ti ϩϩ ions into Ti ϩ ions in collisions with gas molecules and will be discussed further in the next section. Figure 1 also shows that it is difficult to eliminate energetic ions in the high energy tail completely even when the pressure is high. This is also observed in sputtering where it is found that even at high pressure, com- Ϫ7 , ͑b͒ 1ϫ10 Ϫ4 , ͑c͒ 5ϫ10 Ϫ4 , ͑d͒ 1ϫ10
Ϫ3 , ͑e͒ 1.5ϫ10 Ϫ3 , and ͑f͒ 2ϫ10 Ϫ3 mbar. The solid curve is the fit to the data points, consisting of a single shifted Maxwellian ͓1͑a͒-1͑c͔͒ or two shifted Maxwellians ͓1͑d͒-1͑f͔͒. In 1͑d͒-1͑f͒ the individual Maxwellian components are shown as dashed curves. pressive stress can arise through energetic impacts from sputtered atoms in the energetic tail of the distribution. The ion energy distributions of the gas species were also generally Maxwellian distributions with lower energy shift, V p ϩV s , and lower temperature. A typical gas ion energy distribution is shown in Fig. 2 . It shows the energy spectrum of O 2 ϩ in an aluminium arc running in an oxygen background pressure of 2ϫ10 Ϫ3 mbar. The curve corresponds to fitting parameters of V p ϭϪ17, V s ϭ27, and T eV ϭ0.1 eV. The fit was not unique with respect to the parameters V p and V s and similarly good fits were obtained with different values of these parameters providing their sum, V p ϩV s , did not vary considerably. Figure 3 shows the integrated counts of various ionic species in the discharge and Fig. 4 their mean energy as a function of pressure. Three general trends are evident. Firstly, the total ion current is reduced as the pressure of the background gas is increased. Charge state distributions are also affected by the increase in gas pressure, in all cases the average charge state decreases as gas is added. Both of these effects have been observed previously in a pulsed Metal Vapor Vacuum Arc ͑MEVVA͒ ion source. [9] [10] [11] As in our experiments, the charge states below the most abundant state showed an initial increase with pressure while the population of the most abundant ion fell. The doubly charged ion was also the most abundant state for almost all the cathode materials examined in the MEVVA studies. Table II shows a comparison of our data for charge state distributions in the Al and Ti arcs without gas compared with that reported by others. 8, [12] [13] [14] [15] Our data are in reasonable agreement with the previously published results which have considerable scatter. It is known that charge state distributions are influenced by magnetic field strength at the cathode and more weakly by arc current [9] [10] [11] as well as gas pressure, so such scatter in the data measured on different systems is not at all surprising.
B. A model for ion-gas interactions
The rate of change of the density of a charge state i of a cathode metal ion in the discharge is given by 16 ,17
where n i is the density of the ith charge state, n e the electron density, n the background neutral density, a,b ion the ionization cross section between charge states a and b, v e and v i are electron and ion velocities and i is the time it takes an ion to diffuse to the walls of the chamber. If i is longer than the transit time through the filter we can neglect the last term, however, as more gas is added the diffusion coefficient for ions will increase and hence i will decrease.
An increase in the density of background gas, n, causes i to decrease as the collision frequency increases. For n i denoting the metal ions in the plasma, an increase in pressure will increase the last term in Eq. ͑2͒ and make ␦n i /␦t more ͒ as a function of background gas pressure for ionized species measured for ͑a͒ an aluminium arc in nitrogen, ͑b͒ a titanium arc in nitrogen, and ͑c͒ a titanium arc in oxygen.
negative, and hence will tend to reduce the value of n i measured in the deposition chamber, unless n iϩ1 ӷn i so that the influence of the second term is large. In such a case n i may actually increase as was observed for Ti ϩ in Fig. 1 . Such an increase is also observed in Fig. 3͑a͒ where the Al ϩ counts initially increase with increasing pressure due to charge transfer reactions of the Al ϩϩ ions; this corresponds to the sharp fall in Al ϩϩ . The same effect is observed in Fig. 3͑b͒ for Ti ϩϩ , where the sharp decrease in Ti 3ϩ maintains the counts of Ti ϩϩ initially as gas pressure is increased. For the various charge states of ions of the background gas we can write a similar equation for creation of an ion by collision with an energetic ion from the cathode as well as by ionization by electron impact.
͑3͒
In this case the n i denote densities of ions of the gas species and m k are densities of ions of the cathode material. If iϭ1, the first and forth terms of Eq. ͑3͒ dominate since n iϪ1 represents the density of neutrals which is proportional to the gas pressure. Thus the density of gas ions would be expected to rise sharply with initial increases in pressure as seen in the figures. The behavior of the N ϩ and N 2 ϩ population shown in Fig. 3͑a͒ and 3͑b͒ is consistent with the N ϩ population being built up by collisions involving N 2 ϩ as the N ϩ population peaks at a higher pressure than the N 2 ϩ population. The N ϩ population may also include N 2 ϩϩ ions as the energy analyzer cannot distinguish these two species.
Further evidence suggesting that many gas ions are created by energetic charge exchange collisions of metal ions with gas molecules is provided by the presence of energetic gas ions. Gas ions produced by electron impacts will have a low energy because of the low transfer of kinetic energy from an electron. Therefore energetic ions such as N ϩ are most likely to be produced by collisions with energetic metal ion species. Molecular ions such as N 2 ϩ are under-represented at higher energies since the more energetic impacts will have FIG. 4 . Ion energy as a function of background gas pressure for ionized species measured for ͑a͒ an aluminium arc in nitrogen, ͑b͒ a titanium arc in nitrogen, and ͑c͒ a titanium arc in oxygen. a greater probability of dissociating the diatomic molecules and producing N ϩ rather than N 2 ϩ . In some cases chemical bonding between metal and gas species does occur as a result of collisions between the metal species and the background gas, but the number density of the reaction products is small owing to the energetic nature of the impacts. However, low levels of reaction products such as TiN ϩ and TiO ϩ were detected. Their ion energy distributions were low temperature Maxwellians similar to those of the gas ion species.
C. Alloying effects
It is often required to make a film of an alloy of two or more metals. This can be done by fabricating an alloy target and carrying out cathodic arc deposition. In this section we examine the charge state distribution and composition of plasmas produced from 50%/50% and 75%/25% titanium aluminium alloy cathodes and compare them with the corresponding measurements from pure titanium and aluminium cathodes. The abundance of each charge state of titanium and aluminium as a percentage of the total ions of that element is shown in Fig. 5 . The ratio of total counts for all Al charge states and total counts of Ti species agreed with the target composition.
The relative abundance of the aluminium charge states and hence the charge state distribution is insensitive to the amount of titanium in the alloy up to 75%. The titanium charge states however respond strongly to an aluminium concentration as low as 25%. As aluminium is added to the pure titanium cathode there is an increase in the abundance of the Ti 2ϩ ion at the expense of the Tiϩ and Ti 3ϩ ions, while Ti 4ϩ also shows a small increase. The addition of aluminium to the titanium cathode also dramatically affects both the total ion count and the mean ion energy. The total flux of ions in the plasma increases while the mean energy of the ions decreases as shown in Fig. 6 . The fact that this effect is strong even at the 25% level of aluminium indicates that the properties of aluminium dominate the discharge and have the greatest effect on determining conditions in the cathode spot. The fact that the aluminium charge states were not affected by the presence of titanium whereas the titanium charge state distribution was strongly affected by the aluminium also supports this assertion.
The points plotted at 86% Ti content and not joined by lines in Figs. 5 and 6 are from a cathode with a 4 at. % vanadium content. Since these points deviate considerably from the trends established by the TiAl binary alloys we conclude that the presence of vanadium has a large impact on the conditions in the cathode spot. Both the Ti and Al mean charges are reduced in the presence of vanadium compared to the interpolated values of a TiAl binary alloy plasma.
The fraction of the total ion count in the plasma belonging to an element was found to follow quite closely the atomic fraction of that element in the cathode. This indicates that the discrepancies often found in the compositions of films deposited from alloyed targets are the result of mass dependences of magnetic guiding in the curved magnetic field region of the filter duct or preferential sputtering of some elements at the substrate. Films from the same TiAl targets studied here have recently been analyzed and the composition was found to be increasingly Al deficient as the substrate bias was increased indicating that preferential sputtering of the lighter element plays an important role.
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IV. CONCLUSIONS
We have shown that the energy distribution of metal ions in a cathodic arc plasma is well described by a shifted 6 ) and average ion energy for titanium, aluminium, and alloyed cathode plasmas plotted as a function of titanium concentration.
Maxwellian distribution. When background gas is added, the distribution changes to one with a smaller directed velocity and a higher Maxwellian temperature. This trend continues until the distribution splits into a ''cold'' distribution corresponding to ions thermalized to the background gas temperature, together with a residual ''hot'' distribution. The corresponding energy distribution of background gas ions shows a single Maxwellian component corresponding to the ''cold'' distribution.
The effect of gas pressure on the charge state distribution shows that charge exchange collision processes and electron impact ionization both play a role in determining the numbers of ions in each charge state.
The composition of the plasma emitted from an alloy cathode closely reflects the composition of the cathode. The distribution among the charge states of a given element however, may be strongly affected by the presence of the other. 
